Lysophosphatidic acid (LPA) is a phospholipid with a variety of fatty acyl groups that mediates diverse biological effects on various types of cells through specific G protein-coupled receptors. LPA appears to play a significant role in many reproductive processes, including luteolysis, implantation, and placentation. Our previous study in pigs demonstrated that LPA and the LPA receptor system are present at the maternalconceptus interface and that LPA increases uterine endometrial expression of prostaglandin-endoperoxide synthase 2 (PTGS2) through LPA receptor 3 (LPAR3). However, the role of LPA in conceptuses during early pregnancy has not been determined. Therefore, this study examined the effects of LPA in cell proliferation, migration, and activation of the intracellular signaling pathway in porcine conceptuses by using an established porcine trophectoderm (pTr) cell line isolated from Day 12 conceptuses. All examined LPA species with various fatty acid lengths increased proliferation and migration of pTr cells as the dosage increased. Immunoblot analyses found that LPA activated intracellular signaling molecules, extracellular signal-regulated kinase 1/2 (ERK1/2), ribosomal protein S6 kinase 90 kDa (P90RSK), ribosomal protein S6 (RPS6), and P38 in pTr cells. Furthermore, LPA increased expression of PTGS2 and urokinasetype plasminogen activator (PLAU), and the LPA-induced increases in PTGS2 and PLAU expression were inhibited by LPAR3 siRNA. Collectively, these results showed that LPA promotes proliferation, migration, and differentiation of pTr cells by activating the ERK1/2-P90RSK-RPS6 and P38 pathways, indicating that the LPA-LPAR3 system may be involved in the development of trophoblast during early pregnancy in pigs.
INTRODUCTION
As in any eutherian mammal, the peri-implantation period in pigs is one of the most critical points for successful pregnancy; it is also the period when embryonic mortality is very high. To ensure a suitable environment for implantation during this period, well-synchronized communication between the conceptus and the maternal uterus must be established; this is especially crucial in pigs, which feature a noninvasive type of implantation that involves a prolonged preattachment phase [1] [2] [3] . Deficiencies in maternal-conceptus dialog can result in implantation failure, defective placentation, and developmental abnormalities [4] [5] [6] . This communication network is regulated by a wide array of locally produced mediators such as hormones, cytokines, nutrients, and lipids that are secreted into the uterine lumen from the endometrium or conceptus [4, [7] [8] [9] [10] [11] [12] [13] . The survival and development of peri-implantation porcine conceptuses depend on a sufficient supply of these molecules; therefore, elongation of the conceptus prior to implantation is critical for establishing a large surface area for nutrient and gas exchange [14] . Lipid regulators, such as steroid hormones and prostaglandins (PGs), are key mediators of development of the conceptus, morphological and functional changes of the uterine endometrium, maternal recognition, and implantation [4, [7] [8] [9] [10] [11] [12] [13] . During the implantation period, elongated porcine conceptuses secrete estrogens, PGE 2 and PGF 2aa , and cytokines such as interleukin-1b2 (IL-1B2), interferon-c (IFNG), and IFN-d (IFND) and produce the protease urokinase-type plasminogen activator (PLAU) [15] .
Lysophosphatidic acid (LPA), a simple lysophospholipid composed of a glycerol or sphingoid backbone with fatty acids of various lengths and saturations [16] , is an endogenous lipidbased signaling molecule that elicits many growth factor-like biological effects, including cell growth, proliferation, survival, and differentiation, cell-cell interactions, and tumorigenesis, in various cell types [17] [18] [19] . LPA is generated from lysophosphatidylcholine through removal of the choline group via the action of ectonucleotide pyrophosphatase/phosphodiesterase 2 (ENPP2), an enzyme with lysophospholipase D (lysoPLD) activity [20] . Extracellular LPA has been detected in several biological fluids including serum, seminal fluid, and follicular fluids [21, 22] , and it is also present in uterine flushings of pigs and sheep [23, 24] . LPA-induced responses occur via several G protein-coupled receptors with multiple downstream effectors. To date, there are at least six specific receptors of LPA, LPAR1 through LPAR6 [19, [25] [26] [27] .
Accumulating evidence indicates that receptor-mediated LPA signaling influences various reproductive processes in vertebrates including early embryo development and implantation [28] . For example, deficiency in LPAR3 leads to abnormal embryo spacing, delayed implantation, and small litter size in mice [29] . Our previous study in pigs showed that LPAs with different configurations are present in the uterine lumen on Day 12 of the estrous cycle and pregnancy, with higher concentrations during pregnancy. Endometrial epithelial cells and conceptus trophectoderm express LPAR3 at the time of implantation, and endometrial expression of LPAR3 is induced by estrogen of conceptus origin [23] . In addition, LPA increases expression of prostaglandin-endoperoxide synthase 2 (PTGS2) mRNA in the uterine endometrium. We have shown that ENPP2, the LPA-generating enzyme with lysoPLD activity, is expressed at the maternal-conceptus interface, and activity of lysoPLD in uterine flushings is greater on Day 12 of pregnancy than on Day 12 of the estrous cycle [23, 30] . In sheep, which have an implantation process similar to pigs, expression of the LPA receptors LPAR1 and LPAR3 is detected in the uterus and conceptus during the early stage of pregnancy, and bioactive LPA induces cell proliferation of ovine trophectoderm cells [24] . These findings emphasize the importance of increased extracellular LPA and its receptor at the maternal-conceptus interface during the peri-implantation period in mice, pigs, and sheep. Although the action of LPA on increased PTGS2 expression in the uterine endometrium has been determined in pigs, there are no data available for the role of LPA in the conceptus trophectoderm, which expresses LPAR3 in pigs [23] . LPA binding to LPAR3 has been shown to activate phospholipase C and mitogen-activated protein kinase (MAPK) signaling pathways in several cell types [31] , but intracellular signaling molecules in conceptus trophectoderm have not been studied.
We hypothesized that the LPA-LPA receptor system at the maternal-conceptus interface is critical for growth and development of porcine trophectoderm during the periimplantation period of pregnancy in pigs. Using a porcine trophectoderm (pTr) cell line, we determined the functional effects of LPA on proliferation, migration, and differentiation of the conceptus trophectoderm; and the intracellular signaling molecules activated by LPA in trophectoderm cells.
MATERIALS AND METHODS

Cell Culture
A mononuclear pTr cell line established using conceptus trophectoderm from Day 12 pregnant gilts was cultured and used in the present in vitro studies as described previously [32] . Monolayer cultures of pTr cells were grown to 80% confluence in culture medium in 100-mm tissue culture dishes. Cells were serum-starved for 24 h and then treated with LPA 16:0 (palmitoyl; 0.5, 1, 10, 20 lM), LPA 18:0 (stearoyl; 20 lM), or 18:1 (oleoyl; 20 lM; Avanti Polar Lipids, Inc., Alabaster, AL) in the presence of fatty acid free-bovine serum albumin (0.1%) as a lipid carrier. In order to obtain data for each individual experiment, whole process beginning from cell culture was independently replicated three times. Each treatment within individual trial was tested in triplicate (n ¼ 3).
Antibodies
Rabbit anti-human polyclonal antibodies against p-ERK1/2 (no. 9101), p-P70RSK (no. 9204), P70RSK (no. 9202), p-P90RSK (no. 9346), P90RSK (no. 9347), p-RPS6 (no. 2211), P38 (no. 9212), and rabbit anti-human monoclonal antibody against ERK1/2 (no. 4695), S6 (no. 2217), and p-P38 (no. 9215) were purchased from Cell Signaling Technology, Inc. (Danvers, MA). Anti-LPAR3 antibody (#ab137497) was purchased from Abcam (Cambridge, MA).
Proliferation Assay
Proliferation assays were conducted using the cell proliferation ELISA, bromodeoxyuridine (BrdU) kit (Roche, Basel, Switzerland) according with the manufacturer's recommendations. Briefly, pTr cells were seeded in 96-well microplate (tissue culture grade, flat bottom) and incubated for 24 h in serumfree Dulbecco modified Eagle medium/F-12 medium (DMEM/F-12). Cells were then treated with LPA and various treatments in a final volume of 100 ll/ well (n ¼ 3 treatments within each individual trial). After 24 h incubation, 10 lM BrdU was added to the cell culture, and cells were reincubated for an additional 24 h at 378C. After cells were labeled with BrdU, they were fixed by adding FixDenat provided with the kit. Fixed cells were incubated with peroxidase (POD)-conjugated monoclonal antibody against BrdU (anti-BrdU-POD) working solution for 90 min. Anti-BrdU-POD bound to the BrdU incorporated in newly synthesized cellular DNA, and the immune complexes were detected after reaction with 3,3 0 ,5,5 0 -tetramethylbenzidine substrate solution. Absorbance values of the reaction product were quantified by measuring absorbance at 370 nm, using an ELISA reader (Bio-Rad, Seoul, Korea). The entire experiment beginning from cell culture was repeated three times.
Migration Assay
pTr cells (50,000 cells per 100 ll of serum and insulin-free DMEM/F12) were seeded on 8-lm-pore Transwell inserts (Costar no. 3422; Corning, Inc., Corning, NY), and treatments were added to each well (n ¼ 3 wells per treatment). After 12 h, cells on the upper side of the inserts were removed using a cotton swab. For evaluation of cells that migrated onto the lower surface, inserts were fixed in methanol for 10 min. Transwell membranes were removed, placed on a glass slide with the side containing cells facing up, overlaid with prolong antifade mounting reagent with 4 0 ,6-diamidino-2-phenylindole (DAPI), and overlaid with a coverslip (Invitrogen Molecular Probes, Eugene, OR). Migrated cells were counted systematically in five nonoverlapping locations, which covered approximately 70% of the insert membrane growth area, by using fluorescence microscopy (Axioplan 2 microscope with Axiocam HR digital camera and Axiovision 4.3 software; Carl Zeiss Microimaging, Thornwood, NY). The entire experiment beginning from cell culture was repeated three times.
Cell migration was also evaluated using migration culture dish inserts according to the manufacturer's protocol (Ibidi, Germany). The culture insert consists of two chambers with the 500-lm width cell-free gap. A 70-ll suspension of pTr cells (2 3 10 5 cells/ml) was seeded separately into each chamber of a culture insert and grown overnight to confluence in 5% CO 2 in air. When both chambers were filled with adherent cells, the cells were additionally incubated in serum-free medium for 24 h. Then culture inserts were removed from the surface and only the attached cells remained on two separate spots, which created a 500-lm-wide cell-free gap between two defined cell patches. Cells were incubated with different treatments in fresh culture medium to start the migration process. Migration of cells into the defined cellfree gap (500 lm) was observed, and light microscopy images of the same gap fields were acquired after 12 h, using an inverted light microscope with a camera. The entire experiment beginning from cell culture was repeated three times.
Western Blot Analyses
Concentrations of protein in whole-cell extracts were determined using the Bradford protein assay (Bio-Rad), with bovine serum albumin as the standard. Proteins were denatured, separated using SDS-PAGE, and transferred to nitrocellulose. Blots were developed using enhanced chemiluminescence detection (SuperSignal; West Pico, Pierce, Rockford, IL) and quantified by measuring the intensity of light emitted from correctly sized bands under ultraviolet light, using a ChemiDoc EQ system and Quantity One software (Bio-Rad). Immunoreactive proteins were detected using target phospho-or total protein-specific antibodies, each at a 1:1000 dilution, and 10% SDS gels. Multiple exposures of each Western blot were performed to ensure linearity of the chemiluminescent signals. A housekeeping protein (a-tubulin [TUBA]) was detected using mouse anti-human monoclonal alpha Tubulin (TU-02) antibody (product SC-8035; Santa Cruz Biotechnology, Dallas, TX) to account for variations among quantities of proteins loaded by normalizing results among all lanes on a single membrane. The intensity of bands of interest (p-or total protein) was normalized using values from the corresponding loading control (TUBA) band in a given lane, and the p-protein-to-total protein ratio was evaluated based on the normalized band intensity data, and then relative changes in this ratio among treatment groups were represented graphically relative to the nontreatment group.
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Immunofluorescence pTr cells were examined for p-P90RSK protein expression patterns by immunofluorescence microscopy. Briefly, pTr seeded onto Lab-Tek chamber slides (Nalge Nunc International, Rochester, NY) were treated with 20 lM LPA species (16:0, 18:0, and 18:1) for 30 min or with 20 lM LPA 16:0 in the presence or absence of 10 lM LPAR3 antagonist (diacylglycerol pyrophosphate [DGPP]; Avanti) for 15, 30, or 60 min. After being treated, cells were fixed with À208C methanol, and immunofluorescence staining was performed using a rabbit anti-human polyclonal antibody against p-P90RSK (catalog no. 9346; Cell Signaling Technology, Inc., Danvers, MA). Cells were then incubated with Alexa Fluor 488 goat anti-rabbit immunoglobulin (IgG) secondary antibody (product A11008; Invitrogen). Slides were overlaid with Prolong antifade mounting reagent with DAPI before images were captured using confocal microscopy (model LSM710; Carl Zeiss) fitted with an AxioCam digital microscope camera using Zen 2009 software.
Transfection of Target-specific siRNAs for LPAR3 Knockdown
Potential small interfering RNA (siRNA) target sites for mRNA sequences of porcine LPAR3 (GenBank accession no. NM_001162402.1) were determined using Invitrogen design program. The most effective target sequence was screened out and synthesized. Down-regulation of LPAR3 expression was confirmed by Western blot analysis. pTr cells were treated with specific LPAR3 siRNA or controls that included naïve treatment (no siRNA or 
RNA Isolation
Total cellular RNA was isolated from in vitro-cultured pTr cells using TRIzol reagent (Invitrogen) and purified using an RNeasy mini kit (Qiagen, Valencia, CA) according to the manufacturer's recommendations. The quantity and quality of total RNA were determined by spectrometry and denaturing agarose gel electrophoresis, respectively.
Quantitative PCR Analysis
Specific primers for porcine PTGS1 (forward: 5 0 -GAA AGG CCA AGA TTT GTG GA-3 0 ; reverse:
, and PLAU (forward: 5 0 -TGA TCG GAA ATG ACA CTG GA-3 0 ; reverse: 5 0 -TTG AAA TGG TCC CCA GAC AT-3 0 ) were designed from sequences in the GenBank data base using Primer 3 (version 4.0.0). All primers were synthesized by Bione-er Inc. (Daejeon, Korea). Gene expression levels were measured using SYBR Green (Sigma, St. Louis, MO) and a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA). PCR conditions were 958C for 3 min, followed by 40 cycles at 958C for 20 sec, 648C for 40 sec, and 728C for 1 min, using a melting curve program (increasing the temperature from 558C to 958C at 0.58C per 10 sec) and continuous fluorescence measurements. Sequence-specific products were identified by generating an amplification curve in which the cycle threshold (C T ) value represented the cycle number at which a fluorescent signal was significantly greater than background, and relative gene expression was quantified using the 2 ÀDDCT method [32] . The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the endogenous control to standardize the amount of RNA in each reaction.
Statistical Analyses
All quantitative data were subjected to least squares ANOVA, using the general linear model procedures of SAS software (SAS Institute Inc., Cary, NC). P values less than or equal to 0.05 were considered significant. Data from three independent experiments performed in triplicate are presented as leastsquare mean with SE.
RESULTS
Effects of LPA on Proliferation and Migration of Porcine Trophectoderm Cells
In an attempt to demonstrate a possible physiological role of LPA to pTr cells, we have conducted experiments at concentrations of LPAs ranging from 0.5 lM to 20 lM. When in vitro-cultured pTr cells were incubated with different concentrations of LPA 16:0 (0, 0.5, 1, 10, 20 lM) in serumreduced medium, LPA 16:0 at 1, 10, or 20 lM increased pTr cell proliferation by approximately 1.7-fold (P , 0.001), 2.0-fold (P , 0.001), and 2.1-fold (P , 0.001), respectively (Fig.  1A) . Although at physiological concentrations (,1 lM) LPA had inducible effect on pTr cell proliferation, treatment of the cells with concentrations of LPAs higher than physiological concentrations showed stronger effect. Because the LPA molecule is composed of a variety of different fatty acid side chains and because we previously found that LPA 16:0 (palmitoyl), LPA 18:0 (stearoyl), LPA 18:1 (oleoyl), LPA 18:2 (linoleoyl), and LPA 20:4 (arachidonyl) are present in the uterine lumen [23] , we determined whether LPA with different fatty acyl groups, including LPA 16:0, LPA 18:0, and LPA 18:1, had stimulatory effects on proliferation of pTr cells (Fig.  1B) . Based on preliminary dose-response experiments (data not shown), LPA 18:0 and LPA 18:1 were also used at 20 lM in in vitro cell culture experiments. In pTr cells treated with 20 lM LPA species 16:0, 18:0, and 18:1 stimulated 2.0-fold (P , 0.001), 1.6-fold (P , 0.01), and 1.8-fold (P , 0.01) increases in pTr cell proliferation, respectively.
Under the same specific culture conditions used in the proliferation assay, we measured the dose-dependent effects of LPA 16:0 on migration of pTr cells ( (Fig. 2, C-F) . The stimulatory effect of LPA 16:0 on induction of ERK1/2 phosphorylation was inhibited by increasing the dose (1, 5, and 15 lM) of U0126 (P , 0.01 or P , 0.001).
To investigate whether P90RSK or P70RSK was a downstream target regulated by the LPA 16:0-induced ERK1/2 cell signaling cascade, we measured the abundance of p-P90RSK and P70RSK proteins in pTr cells treated with a combination of U0126 and LPA 16:0. LPA 16:0 induced phosphorylation of P90RSK by 3.9-fold (P , 0.001), and this increase in p-P90RSK was significantly blocked in the presence of all tested concentrations of U0126 (P , 0.05, P , 0.01, and P , 0.01). Interestingly, LPA 16:0 had no effect on activation of P70RSK proteins in pTr cells (P . 0.05), and p-P70RSK level was below the basal level in the presence of U0126 (data not shown). Additionally, LPA 16:0 induced phosphorylation of RPS6 by 4.4-fold (P , 0.001) and P38 by 1.9-fold (P , 0.01), and these LPA 16:0-induced increases in p-RPS6 and p-P38 were significantly blocked by the presence of U0126 (P , 0.05, P , 0.01, and P , 0.01).
Effect of Blockage of the ERK1/2 Signaling Pathway on LPAinduced Cell Proliferation and Migration in pTr Cells
To confirm whether the ERK1/2 signaling pathway was involved in the biological effects of LPA on pTr cells, cell proliferation and migration assays were conducted in the presence or absence of LPA 16:0 (20 lM) or U0126 (15 lM). LPA 16:0 increased pTr cell numbers by approximately 2.0-fold (P , 0.01) (Fig. 3A) . However, when LPA was combined with U0126, the effect of LPA 16:0 on proliferation of pTr cells was reduced by 1.1-fold (P , 0.05) compared to LPA 16:0 treatment alone. In the absence of LPA 16:0, treatment of (Fig. 3B ).
Activation and Nuclear Translocation of p-P90RSK by LPA-LPAR3 Signaling in pTr Cells
Localization of phosphorylated P90RSK proteins in pTr cells in response to LPA species was determined by immunofluorescence analyses (Fig. 4A) Activation of phosphorylated P90RSK proteins by LPA 16:0 was determined in a time-dependent manner (Fig. 4B) . The serum-starved pTr cells were incubated with 20 lM LPA 16:0 for 15, 30, and 60 min, respectively. Phosphorylated P90RSK was present at low basal levels within the cytosol and nucleus in untreated pTr cells, but LPA 16:0-treated pTr cells exhibited abundant amounts of p-P90RSK proteins in the nucleus and, to a lesser extent, in the cytoplasm. This phosphorylated status gradually increased as the LPA 16:0-treatment time increased, with the largest amounts of immunoreactive p-P90RSK detected in the cells at 60 min.
Because LPAR3, a G protein-coupled receptor family that binds LPA, is expressed in the conceptus pTr on Days 12 and 15 of pregnancy [23] , we examined whether LPA 16:0 had a stimulatory effect on the activation of P90RSK through LPAR3 signaling (Fig. 4C) . Serum-starved pTr cells were pretreated with 10 lM DGPP, an LPAR3 antagonist, prior to treatment with 20 lM LPA 16:0 for 15, 30, and 60 min. The LPA 16:0-induced increase of p-P90RSK in pTr cells was blocked in the presence of LPAR3 blocker at all times tested. Asterisks denote statistically significant differences: ***P , 0.001, **P , 0.01, and *P , 0.05.
LPA FUNCTION IN PORCINE CONCEPTUS
Effect of LPAR3 Blockage on LPA-induced Activation of the ERK1/2 MPAK-P90RSK Signaling Pathway in pTr Cells
As illustrated in Figure 5A , constitutive amounts of LPAR3 proteins were not significantly different in naïve pTr cells, mock-treated pTr cells, and control siRNA-transfected pTr cells. Compared to control siRNA-transfected cells, LPAR3 level was lower 48 h post-transfection with LPAR3 siRNA at 10, 25, and 50 nM concentrations. As shown in Figure 5B , LPA 16:0-treated control groups (naïve, mock, and control siRNA-transfected pTr cell) exhibited abundant amounts of p-ERK1/2 proteins, but pTr cells transfected with LPAR3-specific siRNA (50 nM) had less p-ERK1/2 protein (P , 0.001), regardless of LPA 16:0 treatment. Additionally, p-P90RSK and p-P38 were present at low basal levels in LPAR3-blocked pTr cells regardless of LPA 16:0 treatment compared to the LPA 16:0-treated control group (P , 0.01) (Fig. 5, C and  D) .
Effect of LPAR3 Blockage on LPA-induced Gene Expression in pTr Cells
We determined whether the LPA-LPAR3 signaling system affected expression of PTGS1, PTGS2, PLAU, IFND, and IFNG, all of which are involved in the differentiated functions of the conceptus trophectoderm at the time of implantation in pigs. Naïve pTr cells, mock-treated pTr cells, control siRNA, and LPAR3 siRNA-transfected pTr cells were treated with LPA 16:0, and the relative effects of LPAR3 blockage on expression of PTGS1, PTGS2, PLAU, IFND, and IFNG were determined by quantitative PCR analyses (Fig. 6) . LPAR3 blockage by LPAR3-specific siRNA treatment reduced expression of PTGS1, PTGS2, and PLAU mRNAs by 0.62-fold, 0.53-fold, 0.48-fold, respectively (P , 0.05) compared to the control siRNA-transfected group, but the levels of IFND and IFNG mRNAs were not affected by LPAR3 blockage in LPA 16:0-treated pTr cells (P . 0.05).
DISCUSSION
The importance of LPA and its receptor at the maternalconceptus interface during the peri-implantation stage of pregnancy has been demonstrated in pigs in our studies and those of others [23, 30, 33] . LPAs with different configurations were found to be present in the uterine lumen during both the estrous cycle and pregnancy, expression of LPAR3 was localized to the uterine endometrial epithelial cells and conceptus trophectoderm, and endometrial LPAR3 expression was increased by estrogen [23] . ENPP2, the key enzyme with lysoPLD activity responsible for LPA production, increased in the porcine uterine flushing during early pregnancy compared to its concentration in the estrous cycle, suggesting that increased extracellular LPA in the peri-implantation period exerts a local effect at the maternal-conceptus interface together with circulating mother-and embryo-origin steroids [30] . Our previous findings indicated that LPA activates PTGS2 expression in the uterine endometrium through LPAR3, but it is unclear as to the role of LPA on the conceptus trophectoderm, which expresses LPAR3 [23] and to how LPA-mediated intracellular signaling occurs and contributes to the onset and establishment of implantation in pigs. The goal of this study was to focus on actions of this important bioactive lipid mediator in conceptus trophectoderm function during early pregnancy. Here, we demonstrated how LPAR3-mediated LPA signaling regulates proliferation and migration of the pTr cells and which intracellular signaling pathways are linked to these biological responses induced by LPA.
LPA, a multifunctional lipid regulator, is involved in many cellular processes, involving the promotion of cell growth, proliferation, chemotaxis, differentiation, and motility via activation of a family of G-protein-coupled receptors (LPAR1-6) with diverse biological roles owing to the heterogeneity of their signal transduction pathways [18, 19, 34] . Although possible roles of LPA and its signaling pathways LPA induced (P , 0.001) pTr cell migration, and U0126 blocked (P , 0.01) the stimulatory effect of LPA on cell migration. Each independent experiment was replicated in three times. Asterisks denote statistically significant differences: ***P , 0.001, **P , 0.01, and *P , 0.05.
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in the reproductive systems of ruminants have been documented, to our knowledge, the function of LPA and the cell signaling pathways activated by LPA in porcine embryo development and implantation have not been studied. We found that three LPA species with different fatty acid groups, LPA 16:0, LPA 18:0, and LPA 18:1, had stimulatory effects on proliferation and migration of in vitro-cultured pTr cells and determined that LPA 16:0 showed the strongest effects on cell proliferation and migration. In our previous study, LPA 16 :0 was one of the major LPA species in uterine luminal fluid on Day 12 of pregnancy, and its concentration was significantly greater in uterine flushings on Day 12 of pregnancy than on Day 12 of the estrous cycle [23] . Although we mainly stimulated pTr cells with concentrations of LPAs higher than those in physiological conditions (,1 lM), to our knowledge, this is the first report of the LPA's effects modulating cellular functions in pTr cells. It is unclear whether LPA species with differences in molecular composition mediate similar mechanisms, as it has not yet been reported in pigs that the diverse LPA receptors can discriminate the different LPA species. We speculate that increased LPA species including LPA 16:0 and/ or changes of LPA species composition during the periimplantation period induce cellular responses in the conceptus and uterine endometrium.
Our current results demonstrated that LPA induced phosphorylation of ERK1/2 proteins in both dose-and timedependent manners in pTr cells under in vitro conditions, but MEK specific inhibitor (U0126) blocked these LPA-induced stimulatory effects on activation of ERK1/2. In addition, LPA activated P90RSK, RPS6, and P38 proteins, but these LPAinduced effects were also significantly inhibited by blockage of ERK1/2 activation using U0126. These results indicate that induction of ERK1/2 phosphorylation in response to LPA is a central step in the activation of downstream targets such as P90RSK and RPS6 in pTr cells, thus triggering cellular responses. In several cell types, the activation of ERK1/2 by LPA has been reported to be related to the cell proliferative effect [35, 36] . During the peri-implantation period, the pig conceptus undergoes rapid trophectoderm elongation, leading to a filamentous conceptus; this process requires cellular remodeling and intense migration of trophectoderm cells, and the conceptus after elongation undergoes intense proliferation and migration of trophectoderm cells [2, 37] . Our results further demonstrate a linkage between activation of the ERK1/ 2 MAPK cascade and stimulatory effects of LPA on promotion of pTr cell proliferation and migration. Blockage of the ERK1/ 2 pathway significantly abolished LPA-induced proliferation and migration of pTr cells; these observations provide direct evidence that activation of ERK1/2 signal transduction is functionally coupled to LPA actions. A recent report by Liszewska et al. [24] demonstrated that LPA induced ERK1/2 phosphorylation and proliferation of ovine trophectoderm cells, which is similar to our results presented in this study. Some previous reports have demonstrated a role of LPA in cytoskeletal rearrangement of various cell systems [24, 38] . Our results showing the proliferative and migratory effects of LPA on trophectoderm cells support the hypothesis that LPA is a critical bioactive lipid mediator involved in mechanisms regulating conceptus elongation and morphological changes during conceptus adhesion to the uterine epithelium in the implantation process.
The potential roles of LPA at the maternal-fetal interface depend on the distribution of the specific receptors and the local concentrations of LPA. LPA receptors are distributed widely, and many cell types express more than one species. One particular LPA receptor isoform, LPAR3, is particularly interesting as a good mediator of LPA-induced cell survival and proliferation involved in the implantation processes. Mice lacking LPAR1 and LPAR2 reproduce normally; however, targeted deletion of mouse LPAR3 results in delayed embryonic development, a shift in implantation time, and small litter size [29] . In pigs, LPAR3 expression in the endometrium was found to be regulated during early pregnancy [23] and is likely to be under the regulation of steroid hormones similar to uterine LPAR3 in mice [39] and sheep [24] . Porcine LPAR3 was detected in conceptuses on Day 12 and Day 15 pregnancy, which suggests that LPA produced in the uterine endometrium influences development of the pre- implantation conceptus and establishment of pregnancy [23] . We observed abundant levels of p-P90RSK proteins in the nuclei of in vitro-cultured pTr cells treated with three different LPA species. LPA 16:0-treated pTr cells had the most abundant p-P90RSK proteins in the nucleus at 60 min-post treatment compared to those of non-treated cells, whereas pTr cells treated with LPA plus DGPP (the selective LPAR3 antagonist) showed the basal level of p-P90RSK proteins. P90RSK is known to be activated through the PI3K-AKT1-MTOR or ERK1/2 pathway and to play important roles in various cellular events via activation of ribosomal proteins, which typically increase mRNA translation and protein synthesis. These results suggest that, in response to LPA, activated P90RSK proteins translocate to the nucleus and activate specific transcription factors. Also, these data suggest that activation of LPAR3 by LPA plays a central role in stimulation of the ERK1/2-P90RSK signaling pathway in pTr cells during the peri-implantation period of pregnancy.
LPA receptors regulate pathways to control cell growth, differentiation, and survival and are likely involved in the regulation of nuclear gene transcription [19, 40] . For example, a recent study by McIntyre et al. [41] indicates that LPA can act on transcriptional regulation mediated by nuclear hormone receptors. Since the porcine conceptus trophectoderm at the time of implantation displays several differentiated functions including production of PGs, PLAU, IFND, and IFNG, we hypothesized that the LPA-LPAR3 signaling pathway might affect the differentiation of the conceptus trophectoderm. Our results clearly indicate that the LPA-LPAR3 signaling system can regulate gene transcription directly in pre-implantation trophectoderm cells. LPA increased expression of PTGS2 and PLAU mRNAs but not PTGS1, IFND, and IFNG mRNAs, and the LPA-induced increases in PTGS2 and PLAU were blocked by LPAR3 knock-down. Because blockage of LPAR3 using LPAR3-specific siRNA significantly reduced the stimulatory effects of LPA on activation of ERK1/2-P90RSK and P38 MAPK pathways in cultured pTr cells, it is likely that the LPAinduced increases of PTGS and PLAU are mediated by the ERK1/2-P90RSK and P38 MAPK pathways. PTGS2 is an enzyme involved in production of PGs [42] . LPA has previously been shown to up-regulate PTGS2 gene expression and PGE2 synthesis in various cell types including human ovarian cancer cells [43] and human and rat mesangial cells [44] [45] [46] . In LPAR3 knockout mice, expression of endometrial PTGS2 was down-regulated during the peri-implantation period, which led to reduced levels of PGE2 and PGI2, resulting in implantation defects [29] . Moreover, the exogenous delivery of PGs in LPAR3-targeted deletion mice improved implantation, but not embryo spacing [29] . PTGS2 expression in porcine uterine endometrial epithelial cells increases during early pregnancy [47] , and LPA induces PTGS2 gene expression in the uterine endometrium on Day 12 of pregnant gilts [23] . The uterine and conceptus production of PGs is well understood, but little is known about the regulatory mechanisms involved in expression of PG-synthetic enzymes in the conceptus. Because the porcine conceptus produces PG and expresses the PTGS2 gene, we hypothesized that LPA activates PTGS2 gene expression in conceptuses to induce PG synthesis [48] [49] [50] . In pTr cells, it has been suggested that the combination of strong expression of both LPAR3 and PTGS2 enzyme may lead to a synergetic effect that results in a burst of synthesis of PG. These responses may be mediated by rapid activation of the ERK1/2 signaling pathway.
PLAU is an enzyme mainly involved in cell migration, degradation of the extracellular matrix (ECM), and tissue remodeling by catalyzing extracellular proteolysis in order to convert plasminogen to plasmin [51] . Activated plasmin degrades most extracellular proteins either directly or by activating other proteases such as matrix metalloproteinases (MMPs), thus affecting cell-cell and cell-matrix interactions, activation of growth factors in ECM [52] , angiogenesis [53] , and remodeling of tissues [54] . Thus, it is suggested that LPA- Results are from three independent experiments performed in triplicate. Asterisks denote statistically significant differences: ***P , 0.001, **P , 0.01, and *P , 0.05).
LPA FUNCTION IN PORCINE CONCEPTUS
induced PLAU in the porcine conceptus may be involved in migration, elongation, and transformation of the conceptus trophectoderm and endometrial tissue remodeling. LPA did not increase expression of PTGS1 in pTr cells, but LPAR3 siRNA treatment decreased the level of PTGS1 expression, suggesting that basal level of LPAR3 singling is needed for PTGS1 expression. In this study, we did not observe induction of IFND or IFNG by LPA treatment, indicating that other regulatory mechanisms are present for induction of IFND and IFNG expression in the conceptus trophectoderm. Collectively, our findings suggest that the LPA-LPAR3 signaling system plays important roles in transcriptional regulation of genes involved in the development of the conceptus trophectoderm and implantation events at the maternal-fetal interface during early pregnancy, and that these processes are mediated through activation of the ERK1/2 signaling cascade.
In summary, our results suggest a new biological function for LPA in embryonic development. We showed that LPA activates proliferation and migration of porcine trophectoderm cells via ERK1/2-P90RSK-RPS6 and P38 MAPK signaling pathways. Further, these LPA-stimulated pathways are mediated by LPAR3 and induce PTGS2 and PLAU expression in early porcine trophectoderm cells. Further studies under in vivo conditions are needed to elucidate more precisely the LPAmediated actions in regulating the development and function of the conceptuses during early pregnancy in pigs. Although certain questions remain to be resolved, overall, our results suggest that LPA-LPAR3 signaling plays an important role in regulating development of pre-implantation trophectoderm cells for the successful establishment of pregnancy.
